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Abstract 
It is imperative to understand the potential effects of CO2 seepage on the local environment. Accordingly, a flow 
through column system was designed and carried out to understand the potential impacts caused by CO2 seepage, 
focusing on soil geochemistry changes. The main results of the laboratory experiments indicate that increased levels 
of CO2 generate a quick drop in pH for both limestone sand and silica sand, and slightly increased ions concentration 
in solution phase. Once the seepage is stopped, a partial recovery for limestone sand towards the initial values of pH 
is recorded. 
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1. Introduction 
A cleaner use of fossil fuels supported by Carbon Capture and Storage (CCS) techniques is considered 
to be one of the main short-term strategies for addressing the global warming problems [1]. In order to 
progress to a large scale application, it is essential to assess all the potential risks and ensure government 
and the public that the potential impacts are well understood. Several potential pathways could lead to 
CO2 leakage from a geological storage reservoir, for example diffuse leakage through caprock formations, 
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concentrated leakage through natural or induced faults and fractures and leakage through poorly plugged 
old abandoned well nearby [2]. Among all these pathways, injection wells and abandoned wells are 
considered as the most probable migration pathways for CO2 storage projects [3], and high concentration 
of CO2 gas could end it up to the nearby biosphere via these wells [4].  
Recent research was carried out to study the effects on the local environment [5-7]. However, the 
overall tendency in surface and subsurface soil chemistry changes with CO2 seepage is unclear [4]. 
Besides, the instantaneous response of sediments to the CO2 release is lacked, neither the recovering 
effects once CO2 leakage stops, which are important for developing CO2 leakage monitoring techniques 
and the design of the remediation approaches once the CO2 leakage is observed.  
Moreover, the variations in the initial physical and chemical properties of soils at any particular site 
could lead to their different responses to CO2 leakage, it is therefore necessary to address the soil response 
to CO2 with different soil properties. Calcite dissolution is sensitive to CO2 flux and could be the primary 
process buffering pH; even for silicate sediments, the dissolution of minerals may come from carbonate 
content contained [8]. Limited work has been done on direct comparison of these two sediments. 
Therefore, limestone sand and silica sand are both used in this research to understand the soil response to 
CO2 flux with different properties. 
This study aims to fill the knowledge gap described above and to better understand the surface and 
subsurface soil chemistry response to CO2 seepage using well-controlled flow through column 
experiments.  
2. Methodologies 
2.1. Sediments characterisation and packing 
In order to better identify the main geochemical reactions of the system, mono-mineral sediments were 
utilised in the experiments instead of a real soil at the first stage of experiments. Both limestone Trucal 5 
(supplied by Tarmac - Buxton Lime and Cement) and silica sand sample named as BS EN 1097-8 AAV 
test sand (purchased from David Ball Group plc) were used, which have similar particle size distribution. 
Detailed description of each sand sample can be found in appendix A. Four runs (as shown in Table 1) 
were carried out with limestone Trucal 5 and silica sand both under unsaturated conditions and flooded 
conditions.   
Table 1. Labelling of runs in the flow through column experiments 
Run No. Sediments Density of packed 
sediments (kg/m3) 
Water level above 
sediments (m) 
Experimental conditions 
Run 1 Trucal 5 limestone sand 1,448 0 Unsaturated conditions 
Run 2 Trucal 5 limestone sand 1,448 0 Flooded conditions 
Run 3 BS EN 1097-8 AAV test 
sand (silica sand) 
1,659 0.25 Unsaturated conditions 
Run 4 BS EN 1097-8 AAV test 
sand (silica sand) 
1,659 0.25 Flooded conditions 
2.2. Laboratory work design and experimental process 
Two identical flow through columns were designed in this research [9] and set up next to each other in 
the lab connecting with two separate gas cylinders (Fig. 1).  
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The left column in Fig.1 (N2 column) is connected with the N2 cylinder and works as a control column 
to be compared with the right one (CO2 column), which is connected with the CO2 gas cylinder. During 
the experiments, both N2 and CO2 gases were injected at the same time into these two columns at 300 
mL/min with the outlet valve completely open in order to avoid any pressure building-up.  
Each column is approximately 1 m in length and 20 cm in diameter sealed by two bolted removable lid. 
Before running the experiment, the column was filled with pre-mixed sediments. Different moisture levels 
in sediments can be achieved by injecting various amount of water through water injecting and 
discharging points at the bottom of the two columns. 
Along with each column, there are several ports for inserting pH meter or Rhizon Sampler to measure 
pH or collect water samples for further analysis. It is also possible to collect gas sample from the head 
space in the column to further analyse the gas concentration. The results from these two columns were 
compared to assess the impacts on sediments by CO2 intrusion.  
 
Fig.1 Flow through columns system in the lab 
2.3. Measuring aspects and analytical methods 
For sediments under unsaturated conditions, A Hanna-HI-98140N pH/C portable meter with plastic 
body pH electrode was inserted and sealed inside different ports at different heights along the wall of the 
column to measure the pH of pore water. The accuracy of the pH measurement at 20oC is ±0.01 pH. 
For sediments under flooded conditions, Rhizon samplers were inserted inside different ports and were 
used to collect the interstitial water inside. Water samples collected by the Rhizon sampler were then 
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prepared for ions concentration analysis by ICPMS and also for the pH measurement by a Hanna-HI-
98140N pH/C portable meter.  
3. Results and Discussion 
3.1. pH change 
3.1.1. Trucal 5 limestone sand 
Fig.2 shows the pH changes in both N2 column and CO2 column of Run1. The initial pH for C8 and S8 
was 7.95 and 7.90. For the N2 column, the pH was within a range of 7.90-8.40 (Fig.2). For the CO2 
column, compared with the N2 column, a quick continuous drop in the pH from 7.90 to 6.10 was noticed 
at the beginning of the injection with a sharp drop after five minutes followed by a slower decrease (Fig.2). 
After 90 minutes of the CO2 injection, the pH was stable around 6.10. The vertical line in Fig.2 indicates 
the time when the CO2 injection stops, which is approximately three days of the CO2 injection. The pH 
was measured after CO2 injection stops and a quick and steady recovery was observed and the pH 
bounded back to basicity (around 7.58) after five days. 
 
 
Fig.2 pH changes following gas injection in N2 and CO2 columns of Run1 and the buffering effects. C8 and S8 are 
both 25 cm away from the gas injection point. (The x-axis is logarithmic scale) 
The changes in the pH can be explained by the reactions between water, CO2 and limestone [7]. Firstly, 
gas phase CO2(gas) dissolves into porous water and forms an aqueous phase CO2(aq). CO2(aq) then reacts 
with H2O and generates a weak carbonate acid, H2CO3(aq), which eventually dissociates into CO32- and 
releases H+. The equilibrium of these reactions contributes to the final pH value. The buffering effect, due 
to the strong buffering ability of the limestone sand, was observed once the CO2 injection stopped. 
Limestone sand consumed H+ by either directly reacting with it or forming OH-, which can be further 
consumed to react with H+. Once the CO2 injection stopped, no additional CO2 dissolve in water, resulting 
in the lack of H+ source that can be used to neutralise the OH- generated from the solid CaCO3.  Moreover, 
under acidic conditions, carbonate would dissolve to consume H+. Subsequently, the reactions above lead 
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to an increase in the pH during the buffering period. However, even if limestone sand has strong buffering 
ability, the continuous injection of CO2 would overcome this buffering capacity leading to the observed 
quick decrease in the pH during injection. 
3.1.2. BS EN 1097-8 AAV test sand (silica sand) 
Fig.3 shows pH changes for the BS EN 1097-8 AAV test sand (silica sand). Before the CO2 was 
injected into the system, the initial pH for the sediments was around 7.40. Once the CO2 was injected into 
the system, a sharp decrease to about 5.80 in the pH was noticed after about 30 minutes. For the following 
gas injection period, the pH was within a range of 5.60-5.77. During the five days buffering period, no pH 
rebound was observed. For the silica sand, due to its chemical composition (see appendix A), no 
significant weathering was expected during the gas injection [8]. The main driving forces for the decrease 
in the pH during the CO2 injection were the increase in the H+ generated by the reactions between the 
injected CO2 and water.  
 
 
Fig.3 pH changes of S8, S10, S11 over time for Run 3. S8, S10, S11 are 25, 40, 47 cm away from the gas injection 
point, respectively. Note: x-axis is logarithmic scale 
3.2. Exchangeable ions concentration changes  
3.2.1. Trucal 5 limestone sand 
Fig.4 presents the Ca2+ concentration changes in both N2 column and CO2 column. For the N2 column, 
Ca2+ concentration (C1 and C5) was within 68.04-91.26 mg/L. For the CO2 column, a sharp increase in 
Ca2+ concentration was noticed between the first and the eight hours of the injection followed by a slow 
increase in the Ca2+ concentration afterwards towards the end of the run (Fig.4). After about 50 hours of 
gas injection, the Ca2+ concentration increased by 491% on average of the initial concentration due to the 
enhanced dissolution of CaCO3. After 50 hours, the gas injection was stopped and the recovering effects 
of Trucal 5 were assessed for the following 30 days. A steady decrease in the Ca2+ concentration was 
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observed for about six days after the CO2 injection stopped with an average drop of about 50 mg/L, and 
the Ca2+ concentration was stable for the following 25 days with small fluctuations. The concentrations of 
most of the major metals contained within the Trucal 5 were also increased. For example, an average 
increases by 19% for Mg, 18% for Al, 119% for Fe, 22% for Cd, and 98% for As was observed. 
The changes in the Ca2+ concentration can be explained as follows. When the CO2 was injected into the 
system, it would firstly react with water to release H+. Later, the H+ reacted with CaCO3 generating the 
observed increase in Ca2+ concentration. Under acidic conditions, both calcium dissolution and 
precipitation would take place. The precipitation of Ca2+ removed the Ca2+ from the equilibrium solution 
and further enhanced the limestone sand dissolution, resulting in a further rapid increase in Ca2+ 
concentration as shown in Fig.4 [10]. When the CO2 injection stopped, the solution was oversaturated in 
Ca2+. Along with the observed pressure drop in the head space, the precipitation of Ca2+ occurs. The 
oversaturated Ca2+ reacted with CO32- to form solid CaCO3, which in turn lead to the decrease in Ca2+ 
concentration. Once the reactions reach the equilibrium between limestone dissolution/precipitation, the 
Ca2+ concentration was stable and no further decrease in the concentration was observed afterwards 
(Fig.4). 
 
 
Fig.4 Ca2+ concentrations changes in the pore water of sediments of Run2.  
3.2.2. BS EN 1097-8 AAV test sand (silica sand) 
For silica sand under flooded conditions (Run4), a general increase in all the major ions was observed 
with different increasing scale. By comparing the concentration at the end of the injection with the initial 
concentration, the ions concentration increased 8% for Mg, 29% for Ca, 166% for Ti, 280% for Mn, 590% 
for Cr, 1,400% for Fe and 1,430% for Al. No big difference in the ions concentration was observed after 
the CO2 injection stopped.  
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4. Conclusions and Future Works  
A short-term, high dose continuous release of CO2 decreased the pH of the pore water quickly to its 
lowest point for both carbonate and silica sand, even if limestone sand has strong buffering ability. The 
results imply that with more carbonate minerals in the sediments, the decrease in the pH was slower and 
smaller than that with the silica sand. It is evident from these results that pH is an excellent parameter to 
indicate the CO2 intrusion into sediments. Additionally, the constant CO2 injection increased most of the 
exchangeable ions concentrations in the pore water from both carbonate and silica sand. 
The laboratory work carried out in this research provided useful information to understand the effects 
on soils chemistry by potential CO2 leakage. It should be also noted that the research has its own 
limitations. For example, with the presence of organic matter the mobility of certain metals would differ 
when compared with the mono-mineral sediments used in this research [11]. Furthermore, the designed 
flow through column system has limited dimensions, which result in boundary effects to the transport of 
CO2 and water phase. This should be considered when assessing the outcomes of this study. Starting from 
these results, further experimentation in more complex settings will be carried out. 
Acknowledgements  
We thank the EPSRC for sponsorship via CICCS (EPSRC, EP/F012098/1). Thanks also to Tarmac Ltd. 
for sourcing sediments samples.  
References 
[1] Pires JCM, Martins FG, Alvim-Ferraz MCM & Simoes, M, Recent developments on carbon capture and storage: An 
overview. Chemical Engineering Research and Design 2011; 89(9): 1446-60.   
[2] Celia MA, Bachu S, Nordbotten JM, Gasda SE & Dahle HK, Quantitative estimation of CO2 leakage from geological 
storage: analytical model, numerical modeal, and data needs. Greenhouse Gas Control Technologies 7 2005; 663-71. 
[3] Oldenburg CM, Bryant SL & Nicot JP, Certification framework based on effective trapping for geologic carbon 
sequestration. International Journal of Greenhouse Gas Control 2009; 3(4): 444-57. 
[4] Koornneef J, Ramirez A, Turkenburg W & Faajj A, The environmental impact and risk assessment of CO2 capture, transport 
and storage  An evaluation of the knowledge base. Progress in Energy and Combustion Science 2012; 38(1): 62-86. 
[5] Beaubien SE, Ciotoli G, Coombs P, Dictor MC, Kruger M, Lombardi S, et al., The Impact of a Naturally Occurring CO2 Gas 
Vent on the Shallow Ecosystem and Soil Chemistry of a Mediterranean Pasture (Latera, Italy). International Journal of Greenhouse 
Gas Control 2008; 2(3): 373-87. 
[6] West JM, Pearce JM, Coombs P, Ford JR, Scheib C, Colls JJ, et al., The impact of controlled injection of CO2 on the soil 
ecosystem and chemistry of an English lowland pasture. Energy Procedia 2009; 1(1): 1863-70. 
[7] Little M & Jachson R, Potential impacts of leakage from deep CO2 geosequestration on overlying freshwater aquifers. 
Environmental Science and Technology 2010; 44(23): 9225 32. 
[8] Romanak KD, Smyth RC, Yang C, Hovorka SD, Rearick M & Lu J, Sensitivity of groundwater systems to CO2: Application 
of a site-specific analysis of carbonate monitoring parameters at the SACROC CO2-enhanced oil field. International Journal of 
Greenhouse Gas Control 2012; 6: 142-52. 
[9] Caramanna G, Wei Y, Maroto-Valer MM, Nathanail P & Steven M, Design and use of a laboratory rig for the study of the 
chemical-physical effects on aquatic environments of potential seepage from CO2 storage sites. Greenhouse Gases: Science and 
Technology 2012; 2(2): 136-43. 
3520   Yang Wei et al. /  Energy Procedia  37 ( 2013 )  3513 – 3520 
 [10] Madlan MV, Finsnes A, Alkafadgi A, Risnes R & Austad T, The influence of CO2 gas and carbonate water on the 
mechanical stability of chalk. Journal of Petroleum Science and Engineering 2006; 51(3 4): 149-68. 
[11] Sass BM & Rai D, Solubility of amorphous chromium(III)-iron(III) hydroxide solid solutions. Inorganic Chemistry 1987; 
26(14): 2228-32. 
Appendix A. Sample characterisation 
A.1. Physical property and chemical analysis of Trucal 5 limestone sand 
PHYSICAL PROPERTY  CHEMICAL ANALYSIS 
Grading 
  Magnesium (MgO) (%) 0.3 
 Aluminium (Al2O3) (%) 0.06 
 Iron  (Fe2O3) (%) 0.05 
 Silica (SiO2) (%) 0.25 
Uncompacted 
Bulk Density 
(kg/cm3) 
1,480 
Lead (Pb) (ppm) 1  
Cadmium (Cd) (ppm) 0.9  
Arsenic (As) (ppm) <1  
Mercury (Hg) (ppm) <0.1 
A.2. Physical property and chemical analysis of BS EN 1097-8 AAV test silica sand 
PHYSICAL PROPERTY  CHEMICAL ANALYSIS 
Grading   Silica  SiO2 (%) 99.72  
75% min  Alumina Al2O3 (%) 0.07 
 Titania TiO2 (%) 0.011 
 Iron Fe2O3 (%) 0.048 
Colour  White Magnesium MgO (%) 0.02 
Uncompacted 
Bulk Density 
(kg/cm3) 
1,560 Calcium CaO (%) <0.01 
Sodium Na2O (%) 0.04 
Potassium K2O (%) 0.02 
  Phosphate P2O5 (%) 0.01 
Manganese MnO2 (%) <0.005 
Chromium Cr2O3 (%) 0.0003 
 
 
 
 
